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RESEARCH MEMORANDUM

THE INFLUENCE OF IMPERFECT RADAR SPACE STABITIZATION
ON THE FINAL ATTACK PHASE OF AN AUTOMATIC
INTERCEPTOR SYSTEM

By William C. Triplett, John D. McLeen,
and John S. White

SUMMARY

The menner iIn which lmperfect space stabilizatlion of the tracking
radar influences the flight path stabllity of an automatic interceptor
during the attack phase is illustrated by means of flight and analog-
computer time histories. It is shown analytically that these effects
may be interpreted in terms of a destabilizing airplasne rate feedback
which can be canceled by an additional compensatory feedback in the
radar tracking loop.

INTRODUCTION

As part of a general study of automatic flight control systems, the
NACA is currently conducting a flight and analog-computer study of the
final attack phase of an sutomatic Interceptor system. The test wvehicle
chosen for these tests was an F-86D equipped with an automatlc attack
coupler (control surface tie-in), developed by the Hughes Aircraft Company,
which tied the E-4 fire-control computer to the aircraft auwtopilot.

The primary purposes of this phase of the study are to develop ade-
quate flight and simulation techniques and to determine the most promising
areas for future resesrch. A satisfactory correlation between flight -and
simulator results makes it possible to use the computer to examine a wide
range of system modifications that may not be practical to test in flight.

This report presents some preliminary flight and simulator results
in which lead-collision beam attacks were made agalnst a nonmaneuvering
target. The discussion is limited to results which illustrate the
dominsting influence of imperfect space stabilization of the radar
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antenna on the tracking ebllity of the interceptor. Methods for alle-

viating these undesirable effects are consldered, Alsc included as an .
appendix 1s & complete description of the system as simulated on the

analog computer.

NOTATION

See Appendix A for definition of axes systems and orlentation angles.

A line~of-sight angle in azimuth, deg

Ag eantenna angle In azimuth, deg,

Aj,Ak components of desired acceleration proportional to 53 and Sy,
respectively, g

Arp desired 1ift acceleration (positive upward), g

Ay normel scceleration (positive downward), g

B . -line-of-sight engle in elevatlion, deg

Eq antenna angle in elevation, deg ] -

F deslred target range at impact, ft : - ; e

I moment of inertia, slug-ftZ . . : o

M Mach number

R target range, ft

S wing area, ft2 el _ —— o ean

53,5k azimuith and elevation steering signals, ft/sec, unless -
otherwise sgpeclfied ; S

T time to go until impact, sec : -

v relativé velocity, Vg - V, ft/sec -

Vg target velocity, ft/sec .

Vg interceptor velocity, ft/sec

W ' angdlar veIodity of interceptor, radians/sec )

oy
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b wing span, ft

¢l

mean aerodynemic chord, £t

m mass, slugs

D rolling velocity about body x axis, Wy, radians/sec

q pitching velocity sbout body y axis, Wy, radians/sec

r yawing velocity sbout body 2z axis, Wi, radians/sec

a, dynemic pressure,'% oVgp=, 1b/f6%

s differential operator, é%

t tinme, sec

(o4 asngle of attack, deg

B angle of sideslip, deg

¥ angular velocity of flight path, radians/sec

8g,0H,8r total aileron, stabllizer, and rudder deflections, respectively,
radians

€ tracking error angle of antenna, deg

o) air density, slugs/cu £t

Q angular velocity of target line of sight, radians/sec

w angulasr velocity of antenna, radians/sec

w? computed antenns rate signal, radians/sec

¥.,0,0 orientation angles of interceptor body sxis system (see
Appendix A)

Yp,0p,0p Orientation angles of interceptor wind axis system (see
Appendix &)

¥p,6p orientation of target velocity vector
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Subscripts

A azimuth
E elevation - -
a8 steady state

Axis Systems
X,Y,Z2 Interceptor wind axes
X,¥,2 interceptor body axes
I,J,K line-of-sight axes
1,3,k antenna axes

TEST EQUIFPMENT

The test vehicle used in the present investigation is a North American
F-86D (ghown in fig. 1) equipped with an E-4 fire-comtrol system and an
automatic attack coupler developed by the Hughes Alrcraft Company. The -
complete system as shown in the schematic dlagram of flgure 2 consigts of .
four primsry elements: a self-tracking radar, attack camputer, attack
coupler, and the alrplane-autopllot combination. These are described in
more detsll in the following parsgraphs. :

Radar

A plock diagram of the radar with 1ts geometric feedbacks is shown
in figure 3. Here the elevation and azimuth channels are considered to
functlon Independently. Each channel contains a tracking loop consisting
of the receiver (G,) and a space stabilization loop containing the antenna
drive motor (Go) and the integrating rate gyro. The radar recelver senses
the tracking error (eE in elevatlon) and supplies an antenna rate command
wB to the gyro. The voltage output of the gyro then drives the antenna

to null the tracking error. In the steady state, the signal wY 1s
’ J

directly proportional to €gp and exactly equal to w3 thus wE is
congldered as the actual antenna rate for use in the computer,
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The quantitiles Ea and Aa are the antenna gimbal rates relative to
the airplane. The rate gyros meunted on the antenna sense the total angu-
lar rates of the antenna, and thus the inputs to the gyros are the sum
of the gimbal rates and airplane angular rates expressed in the antenna
coordinate system. These inputs may be written as

wj = Eg +Wj
end
W = Aacos Eg + Wik
where the airplane angular velocities WJ and Wy are defined as
Wj =g cos Ag - p 8in Ag

Wi = (p cos A5 + q sin Ag)sin E; + r cos Eg

Thus it can be seen that the radar antenna is sensitive to interceptor
motions as well as target line-of-sight rates. ’

The receiver (Gl) containsg filtering and compensating networks, and
the transfer Functions shown at the bottom of figure 3 were determined
from ground measurements. _Similsr methods were used to determine the
transfer functions of the antenna drive Gy. The dynamic lag of the rate
gyros was considered negligible,

Attack Computer

The computer was designed strictly for lead-collision rocket-firing
attacks and mechanizes the following steering equations., These are
derived in detail in reference 1 from the basic geometry of the lead-
collision attack. '

F - D
Sk = Rwé + E-(%os Agein Eg + J + ﬁ) (1)
s _R' F .
j = Bug +-E Bin Ag (2)

where
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F cos Agcos Eg - R (3)

T = 5
R

Sy, end Sj are the elevation and azimuth steering signals; T is the time

to go to impact; and F 1s a preset constant range at impact. The dis-
tance F 1s normally set at 1500 feet with firing occurring at T of
about 1.5 seconds. The terms J and D/F in the elevation signal are
corrections to account for racket balllstics. A voltage proportional to
the true range R 18 used In équétion (3); however, in equations (1)
and (2) the range R 'is a servo shaft output which is limited to

5000 yards. In the computation of T the quantities R, R and.

F cos Ag cos Eg sare filtered as shown 1n figure 3. Addltional time
lags which are inherent in the mechanization of equations (l) to (3)
have been considered negligible.’

The attack is dlvided into three phases, During phase I, T is at
its limit wvalue of 20 seconds. Phase II begins ags T becomes less than
20 seconds and, finally, in phase III, the azlmuth steering signal ls
set to zero and no further corrections in azimuth are called for. .
Instead, T and F are varied to compensate for any azlmuith steering
error that may exlst. The phase III relay engages at T = 4.5 seconds
provided that R 1s greater than 75 yards per second and |Aa| is greater
than 190 otherwise the system remains in phase IT. The supplementary
calculations for phase IIT are omitted because they are not pertinent
to this report.

Automatic Attack Coupler

A detailed descriptlion of the networks used to convert the steering
slgnals 5, and Sj into appropriate asutopilot commands 1s glven in refer-

ence 2. The block diagram of figure U4 illustrates the functions of the
control surface tie-in, which are briefly summarized in the following
paragraphs,

The steering signals 5 and'Sj are caoverted to acceleration
commands Ajp and Aj by the proportionality factor X,. The desired
normal sacceleration is then expressed as a

ALD = QA + cos @
and the roll command to the.sileron servo as

_ QA) -sing - Kpp
Pe = TTaky| + L
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The gain K; 18 a function of altitude and is increased by a factor of
gpproximately 1.7 upon entering phase IT of the attack.

When ALD exceeds a preset maximum allowsble value, the gain @

in a pair of varisble gain emplifiers is automatically reduced until
ALD is within the desired 1limits. Thus when ALD is less than 1its

limit value @ is 1.0, but when ALD exceeds the 1imit, @ 1is
effectively egual to

A7, ~ cos @
D(max)

Ax

The same gain reduction takes place in the azimuth channel to preserve
the coordinstlon between bank angle and normal acceleration.

The quantity Arp is compared to the measured normal acceleration
end commands an elevator deflection proportional to error, The large
time constant (6.8 sec) makes possible high steady-state gain while an
acceptable margin of stability is still retained., The gain Ke i8 a
a8 function of Mach number and altitude. :

The primary stabilizing feedback in the azirmuth channel is sin @
however, a roll-rate feedback (K@p) 18 used ta provide additionsl damping.

A J1-second filter also 18 included in the azimuth channel to mini-
mize the effects of radar noise. The feedback App 1is used in con-
Junction with this filter as a eross roll correction to reduce steering
signal lags which would normally accompany Interceptor rolling motions.

Alrplane-Autopilot Combination

The sutomatic control system utilizes the standard F-86D elevator
and alleron servos so that only the inputs to the baslic autopllot are
modified. The yaw damper Tunctions in its normal manner independently
of the rest of the system.

FLIGHT INSTRUMENTATION

Date taken during the flights were recorded on a pair of 18 channel
oscillographs, One contained the pertinent records from the radar and
computer; these quantities consisted of R, R, T, Ag, Eg, wy, Wi, Sk,

and S3. On the second oscillograph were recorded the interceptor accel-
erations, anguler velocitles, angular attltudes, and control surface
positions. TIn eddition, static and dynamic pressure for computing
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airspeed and sltltude were recorded on & separate instrument. All flight
records were synchronized at O.l-second intervals by a common timlng cir-
cult. Also included in the instrumenteation was a 35-mm movie camera
mounted shead of the cockpit, This camera was aligned wilith the reference
axis of the airplane and set to operate during the final 4.5 seconds of
the attack, The purpose of the camers was to aid in assessing misse
distances. =

FLIGHT TEST PROCEDURES

Flights to date have consisted primarily of beam attacks against an
F-84F target airplane, These were made gt altitudes of 20,000 and
30,000 feet in the Mach number range of 0.7 to 0.85. In most cases, a
1:1 target-interceptor speed ratio was used, and the attacks were initi-
ated from a pattern which would result in a 90° beam attack with an
initial azimuth antenna angle of epproximately L5°.

The use of the F-BUF as a target was dlctated primarily by its
avallability, but because of poor radar reflectlon characteristics, radar
lock~-on generally ccould not be made at more than five mlles range. The
addltion of corner reflectors in underwing tanks, however, increased the
effective lock-on rangé to gbout 15 miles.

To study the effects of initial steering errors in azimuth and ele-
vation, the interceptor was steered off the correct beam attack course
before the automatlc control system was engaged.

ANAT.OG-COMPUTER SIMULATION

A simulation of the complete lead-collision attack was carried out
cn the Ames analog camputer. ZEach of the physical components of the
system as well as the space geometry was represented so that the attack
could be simulated frai lock-on Tmtll filring. The scope and limitations
of the analog representation are defined in the following paragraphs:

1. The radar and sttack computer were represented as shoyn in fig-
ure 3; servo time lags and rocket ballistics terms were neglected.
Also included Wwag the switching through phases I, IT, and ITT.

2. The simulstion of the attack coupler 1ncluded all the functions
gshown in figure k4.

3. The elevator servo was represented as a linear second-order sys-
ten and the alleron servo as a gimple first-order time expression.

The combined yaw-3dsmper and rudaer servo response wss aeflned by en

equation of the form
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5 _ _Ks
r 1+ 78

4, The interceptor was represented as a five-degree-of-freedom
system and was assumed to fly at constant velocity. Inertis cross-
coupling terms were included, but all aserodynamic derivatives were
assumed to be linear. The alrplane equetlions of motlon are glven
in Appendix B.

5. The target was assumed to fly a straight course at constant speed.

6. The relations used to convert relative interceptor-target motions
into the equivalent range and line-of~-sight Information sensed by the
radar are developed in Appendix C. The major assumption in these
geametric relations is that small-sngle approximations can be used
to define the pitch attitude of the interceptor.

Except for a restriction on initial range (5 miles), simulated
attacks could be initiated with umlimited freedom in both the location
and heading of the interceptor with respect to the target. By a change
of the voltage scales on the-~computer this restriction on range could
be varied.

For this report simulated attacks were started from a precomputed
initial position which would result in a geometrically perfect 90° beam
lead-collision course as shown in sketch (a).

4'5"4/,,

Sketch (a) ¥
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The initial heeding of the interceptor wasg then varled to glve steering
errors 1n elther azimuth or elevation. For the specifiled inltisl posi-
tion, the steering error eg 18 consldered to be positive if the heading
of the interceptor relative to the target is less than 90°,

RESULTS AND DISCUSSION

The following paragraphs present flight and analog-computer results
which illustrate the éffects of ilmperfect antenns space stabilizatlion on
the performance of the over-all system. Also presented is a stabllity
analysis and a means for artificially alleviating the undesirable antenna
response to interceptor motions. -

‘Comparison of Flight and Simulsted Results

When the respomse of the interceptor to azimuth steering errorse was
examined on the analog computer, two distinct phenamena Wwere observed.
First when the steering error was negativel the response was characterized
by a plich-down and a violent rolling motion. An exemple of this type of
maneuver. is shown by the solid lines of figure 5. Plotted here as func-
tions of time from lock-on until firing are the range, time to go, the
steering signals, the antenna asngles, end the airplane responses in roll.
and normal acceleratlon. In this case the initial steering error wes
-lOO; however, similar time histories were obtalned for errors ranging
from -5° to -30°. It was noted that this type of instability tended to
accompany any maneuver in which the angle Eg became negative.

The same characteristics were later observed in flight as shown in
figure 6. Here the interceptor started sn attack on an approximate 90°
beam collision coursge but with an initial azimuth steering error of about
-10°, The gquantities plotted are the same g8 in figure 5, and it will be
noted that the character of the response is very similar although no
attempt was made to duplicate precisely the initial conditions used on
the computer. PFurthermore, the flight records contain radar noise and
saturation effects that were not included in the snalog simulation and,
a8 a result, the effects obsgerved in flight were generally less severe.

The second phencmenon observed on the camputer i1s illustrated in fig-
ure T as a very distinct unsteble oscillation of the radar. Here the
attack was initiated with s +20° azimuth steering error which requlred
the interceptor to roll toward the target, thus creating a positive

1With a negative steering error (as defined in sketch (a)) the
interceptor is commasnded to roll away from the targét, thus causing the
antenna elevation angle to become negative. . .. _. . —
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antenna elevation angle. Tt will be noted that, in splte of the unstable
steering signals for Ky = 31, the roll response 1s reasonebly smooth;
however, there is an oscillsfion and s definite lag in the build-up of
normal saccelerstion. This type of instability was generally encountered
whenever the angle Eg exceeded a critical value of about L40°,

Figure 8 illustrates a flight attack in which a similar type of
radar instability wes observed, Because of radar noise the oscillations
in the steering signals are not so well defined as in figure 7; however,
a large build-up in Sj occurs a8 E; becomes positive. For example
S35 reaches a peak value of 250 yards per second while from the geometry
o% the attack a true steering signal of about -50 yards per second should
be expected.

Effect of Varying Stabilization Loop Gain

It was noted on the computer that the deficiencies described in the
previous paragraphs could be eliminated almost entirely by Iincreasing the
antenna space-stabilization loop gain Ko In both channels of the radar.
The dotted lines on figures 5 and 7 show the improvement obtained by
increasing K, from its nominal value of 31 to 62. Also shown by the
dash-dot 1line 18 the further improvement that could be obtalined with an
inPinitely large K.

The closed-loop transfer Tunction for the complete azimuth channel
including both line of sight (Qg) and airplane rate (Wx) inputs is
(from fig. 3)

T _ Gi(s + Gocos Eg)Qg - GasWi (k)
82 + (Cpcos Eg)s + G Gocos Eg

In this expression for w}, 1t is assumed that Wy = Wx and that E = Eg

(see Appendix C). The transfer function for the elevation channel is of
the same form except that there are no cosine terms.,

Equation (4) and the analogous equation for the elevation channel
are each of the form

wt! = £(Q) + £(W)

The function f£{Q) represents true steering Informastion from the angular
rate of the line of sight while £(W) is an erroneous signal due to the
engular velocity of the interceptor. During a maneuver in which there
is a large rolling velocity, (W) may reach a magnitude equal to or even
greater than £(Q) and be of the same or opposite sign. For the case

- 'l—" . )
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illustrated in figure 5, for example, F(Qy) and f(Wy) are both positive .
during the first 2 seconds, thus leading t¢ an excesslvely large value o
of the azimuth steering signal Si and an overshoot in roll, During

the seme period of time f£(Qy) becomes positive and . f(WJ) reaches a

large enocugh negative value to cause a negeative Sy and an inltial . .
pitch-down motion. These effects vanish as the gain Ky 18 increased. -
In either channel when K, becomes infinitely large equation (U4)

reduces to .

y _ Gillk
“k 8 + G (5)

Unfortunately in the actual interceptor system it 1s not practical
to increase the gain Xy in this manner. Any appreciable increase above
the nominal range of 30 to 35 results in an intolerable high-frequency
oseillation or "jitter" of the antemna. This characteristic was not
detected on the analog computer because the antenna drive Gz was repre-
sented as a linear first-order term; however, the actual drive system 1s
of higher order and contasins nonlinearities such as _friction and backlash. = ____

When the expressions for Gy and G given in figure 3 are substi-
tuted into the characteristic equation and when an instantaneous constant
value is assumed for E,, the radar system is found to be stahle for all -
values of Kgcos Eg greater than 2.0. TFor valués lower than 2.0 there
ig a low-frequency osc¢illistory instability. When the characteristic
equation 1B examined with & second-order representation for Gy, the
same low-frequency instebility eppears and, in addition, for large values
of Kpcos Eg, the system exhibits the high-frequency Jitter that was
noted in the actual radar. 1In this case, the uppér 1limit on K, dJdepends
on the definition of (s,

Stabllity Analysis of Radar With Airplane Rate Feedback

A shown in the previous sectlons, the radar during an attack can
become unstable and the degree as well as the type of Instability depends
primarily on the antenna stabilization loop gain and the instantaneocus
elevation angle BEg. Furthermore, when the radar loop alone 1s examined .
under the same conditions, 1t is found to be stable. This suggested that
the feedback due to interceptor motions was destabilizing,

For the cases illustrated in figures 5 to 8 the airplane maneuvers L
first in roll, and aince q and r Initially are small compared to p,
the airplane rate input to the aziwuth channel can he approximated as

Wi = P cos Agsin Eg

S
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By the use of this expression for Wi it 18 pessible to examine the
radar with the additional airplane rate feedback as illustrated in the
block diagram of figure 9. The term Gg is the over-all transfer func-
tion of the attack computer, coupler, aileron servo, and the airplane.
Then Kz is the corresponding total gain (i.e. , Toll rate of the air-
plane per unit antenna rate). The term Rwi& in the attack computer is
considered large as compared to (F sin A)/T, and thus the gain Kz is
a direct function of range.

The transfer function for this complete loop is

w_k - Gl(s + Gzcos8 Ea) (6)
g g2 4+ (Gocos Eg + G1Gzcos Agsin Eg)s + G,Goc08 Eg

Again it is assumed that, . Wi = Wx and that Eg = E. It should also be
noted that cos Ez sgppears only with Gz and sin E; with Gs.

Examination of the characteristic equation with instantaneous values
of Ay and E; shows the combined radar-airplesne rate loop to be condi-
tionally steble., Analysis of this loop with & simple representation
for Gg Iindicated the stebility to be primarily e function of the gains
Ko and Kz and the angle Eg. (The second term in the characteristic
equation changes sign when Eg; reaches a relatlively small negatlve
value.) The results of this analysis are summarized in figure 10. The
curves labeled K, = O are the stdbility boundaries plotted as functlons
of Xgs8in Eg and Kpcos Eg. For negative values of Eg the response
ig divergent and for positive Eg +the response becomes oscillatory.
Considering excursions of Eg..through +60° the dotted line indicates
the normal operating range of the system with fixed gains, and thus it
mey enter either unstable region.

The information given in figure 10 should be considered only as
qualitative., The exact shape and location of the boundsries depend
to some exbtent on the simplifying assumptions made; however, by means
of analog-computer as well as hand calculations the existence of the
boundaries has definitely been established. Furthermore, when W, was
repregented by & more exsct expression which included r, the analog
conmputer Indicated 1ittle change in the location of the boundaries. It
should also be pointed out that figure 10 does not include the high-~
frequency Jitter usually encountered when Xpcos Eg exceeds s value of
approximately 145. ’

A similsr loop exists 1n the elevatlion channel. Here the airplane
rate feedback term WJ is

R
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Wy = q cos Ag - p sin Ag

The transfer functlon mB/QJ ig thus independent of the angle Eg, and
because of lower galn levels as well as the absence of aign changes, there
does not appear to be a well-defined stability problem in this channel,
Nevertheless, the ajrplane rate signal, as mentioned earlier, does provide
erronecus steering signals In elevation.

A Method for Canceling the Effects
of Alrplane Rate Feedbdck

Since it is generally not practical. to improve the stability of the
combined radar-airplane rate response by increasing the system gains, it
sppeared that perheps the effects of alrplane motions could be canceled
by using additional feedback signals in the radar loop. Several possible
schemes were examined, and one which sppeared promising is shown in the
block dlagram of figure 1l1l. This consists of g feedback of gain K,
from the output of the integratlng rate gyro to the input of the receiver
lead-lag networks.

With this feedback the transfer function of the radax alone (azimuth
channel) becomes, in place of equation (k) , . __ .

G G Eg)Oxg - Gas(l - KW
u = Sale * Gocos Ba)O - Gaa(l - KoV (7)

82 + (Ggcos Eg + G1K4)8 + GiGpcos Eg

Now, if K, = 1 this reduces to

T _ i Gl(S + Ggecos Ea)QK - G'J_QK (8)
i 82 3~ (Gzcos Eg + G1)8 + G.Goco8 By B + G1°

which is idemtical to.equation (5), and thus the response of the antenna
to interceptor motions 1s completely ellminated. :

With the compeunsating feedback the transfer function of the complete
radar-alrplane loop becomes

_ Gy(8 + Gocos Eg)
82 + [Gocos By + G1K, + G1Gscos A(1l - K,)sin Egls + G,Gocos Eg

(9)

Wi
[




NACA RM AS6K1Q SEE—— L

L -~ -

“»
When K, = O this is the same asg eguation (6), But when K, = 1 it
reduces to : .

Gy
B-I-G'l

T
'
O
which again is the same as equation (5). Thus with unity feedback the

effects of interceptor motions are canceled, and dynamically the radar
acts as if it .were perfectly space stabilized.

If K, 1s less than 1.0 partial compensation cen be expected; how-
ever, if K, 18 greater than 1.0 the system can again become unstable
since the second term in the denominator of equation (9) can become
negative for relatively small positive values of Eg. Since it would be
physically difficult to set the feedback gain at precisely 1.0, calcu-
lations were made for a gein of 0.8, and the merked improvement in the
stebility boundaries is shown in figure 10 (theoretically for Ky = 1.0

the system would be steble over the entire region).

When the complete attack problem was run on the analog computer, a
substantial improvement was noted in the system response for values of
K, from O.L to 0.9. The optimum value sppeared to be about 0.8. There
was & sharp deterioration in stability as a value of 1.0 was exceeded.
Figure 12 illustrates the marked improvement cbtainable with K, = 0.8
in both channels and it can be seen that the results compare favorsbly
to those for a perfectly stabilized radar. Even though the stabllity
problem was not directly apparent in the elevation channel, it was neces-
gary to include the compensating feedback in this channel in order to
isolate it from the effects of airplane rate feedback.

The feedback loop proposed here appeared to be the easiest to
mechanize of various conceivable schemes for improving the response of
e redsr. It should be possible to achieve essentially the same effect
by modifying the antenna rate signals m& and wi (or the steering

signals, Sy and Sj) by appropriate functions of p. The use of compen-

sating Teedbacks would sppear in many cases to be more desirable than the
straightforward or "brute force" method of increasing stabilization loop
gains by using greater power and higher precision components in the
antenna drive. The proposed method enebles adequate performence to be
obtained with relatively low power and also makes the system less
sensitive to inadvertent gain changes.

One drawback to the compensating feedback is that it effectively
reduces the tracking loop gain; that is, for a given line-of-sight rate
the antenna will track a target with a larger error angle €.

For the basic system the steady-state tracking loop gain is

< 1
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and for the modified gystem

$

Wy XiKzcos Eg
Gy s T K3K, + Kocos Eg

In figure 13 the steady-state gain is plotted as & function of Kzcos Egy
(the effective stabilization loop gain) for two values of K;. TFor

Kpcoe Eq of 31 and K, of 0.8 the tracking loop gain is 18.5 as compared
to 35.2 for the unmodified system. The resultling increase in tracking
error, however, does not appear to be too significant.

Becausie the problems of imperfect space stabllizatlon are directly
related to alrplane roll response, it 1s deslirable to design the roll
control system to prevent excessive roll rates and bank-angle overshoots.
stabllization loop effects can be. decreased to some extent. Furthermore,
for gun-firing interceptors the roll stability can be further improved,
as indicated in reference 4, by a positive inclination of the gun line
wlth respect to the interceptor roll axis.

CONCIUSIONS

A flight and analog-computer investigation has been conducted to
examine the effects of tracking radar dynemics on the response of an auto-~
matic interceptor system. The results show that Imperfect space stabili-
zatlon of the radar antenna can lead to serious deficiencies in system
performance. The fact that the antenna responds to alrplane motions as
well as line-of=sight rates leads to erronecus steering signals and, under
certain comditlons, to an unstable over-sll system response.

In the present study various schemes for canceling the airplane rate
inputs to the radar were investigated. One such scheme completely elimi-
nated the tendency toward instabllity over the normal range of operating’
conditions and gave a system response camparable to that obtainable with .
e perfectly stabilized radar. The use of such a device enables fast L
response with a relatively low-powered antenna drive and furthermore,_"
makes the system less. sensitlive to gain adjustments.

Ames Aeronautical Laboratory
National Advisory Commitiee for Aeronmsutics
Moffett Field, Calif., Nov. 19, 1956

El
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APPENDIX A

DEFINITION OF COORDINATE SYSTEMS

The axis systems used in this report are defined in the following
paragraphs, FEach is a right-hand Carteslan coordinate system. Rotatlions
are consldered positive 1f they are in a clockwise sense when viewed in
the positive direction of the axis of rotation.

Interceptor Body Axis System (x,y,z)

The x axis of this system is the fuselage reference line; the ¥
axls is perpendicular to the plane of symmetry; and the =z axis is per-
pendicular to both the x and y axes. This axis system is oriented with
respect to earth by the angles ¥, 6, and ¢ taken in that order; ¥ is
measured in the horizontal plene, and @ in the vertical plane to estab-
lish the direction of the x axis; ¢ -is then measured normasl to the x
axis (in the yz plane).

Interceptor Wind Axis System (X,Y,Z)

The X axis is in the direction of the interceptor velocity vector,
end the Y axis lies in the xXy plane perpendicular to the X axis;
the space orientation angles of this axis system are designated by

¥g, O, and op.

As shown in sketch (b} the relative orientation of the body and wind
axis systems 1s defined by the angles -B and a. The angle B 1is measured
in the XY plane and o 3in the plane of symmetry of the interceptor.

X X
-B a

VF
/
<
= — z
/, \\\\ Y
7 ~— —B
y
Z/e2z Sketch (b)
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Line-of-Sight Coordinste System (I,J,K)
\

I axis along the line of =

The I,J,K coordinste- system has 1ts
The orientation af this system

sight and the J axis in the xy plane.

with respect to the  x,y,z axes is defined by the ‘angles A and E as R
shown in sketch (c).
. & I
0
A\ 'CF“
g\
E
A -
—
—
7 —
I
P /7 I
7
s A
E
J
z K
Sketech (c)

Antenna Coordinate System (i,j,k)

The 1 axdis of this system is in the direction of the antenna
(tracking line), and j is in the =xy plane of the interceptor. This
system is oriented with respect _to the interceptor body axes by the

angles Ag end Eg. N —

The following chart summarizes the orientation of the varlous axie e
systems: .- e
Qrientation of - .
Body Wind. Line-of-gight | Antenna
With axes, axes, axes, axes,
respect to - Xyz X¥z LJK ijk
Earth "1":6 P 1[1’ )GF) ey === |
Xyz -=- F1"'¢F ALE Ag,Eq
XyzZ =B, - —— —-——— .
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APPENDIX B -
ATRPIANE EQUATIONS OF MOTION

In the simulation of the attack problem on the aralog computer the
following equations were used to describe thé motions of the interceptor.
It was assumed tThat the interceptor flies at constant velocity and that
small-angle approximstions can be used to define its pitch attitude.

P+ A1qr - Ap(f +pq) - Lpp - Ipx - IgB - Ipy B - Lg By = O

<i+Aarp-A4(r2-P2)_-Mmm-M&d-qu-Maﬁaﬂ=0
T + Aspq - Ag(d - gr) - Npp - Npr - NgB - Ng By - Ng 8. = O
3 - U - S - _ -
B+r - vy o O YgB - Y5, 8. = O
“'Q+PB-§F-cosch-Zum-Z5H5H=O
where
IZ-I I](z
Ay =2 T AZ:I_
Ty x
Ix"'Iz Ixz
Az = P Ay = —
Ly Ly

and the serodynamic force and moment parameters are defined as
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b acy b dCp
= B — Np = B
'p = Bx 2Vp d(pb/2Vy) P 7% 2w a(pb/avy)
b dCy b dCp
= B, - —— __.N,. =3B
br = Bx ovp d(rb/2vy) T 7% ovp alrb/2vy)
_ acsy dCn
LB = BX. —d—é_ NB = Bz d—B'
acy dCn
s = Bx 55 Mo =Bz 35
dCp Ao &CT,
Yo = By a SR )
. = g aCp deS aCy,
Mg = By o 773z %8 = " vy d5
r d(as/avy) Vg
q 2Vp a(qa/2vyp) B~ vy a8
aCp
Mg = By ) — _ e —
where . - T

By'=

By =

The terms qr and r2 . appeared 1o be of negligible importance and were
subsequently omitted from the simulgation,
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APPENDIX C

DEVELOPMENT OF THE SPACE GEOMETRY

OF THE LFAD~COLLISTON ATTACK

In order to simulate the lead-collision attack on an analog computer,
1t is necessary to describe completely the space geometry involved. The
method used in the present investigation involves the followling steps:

1. Project the target velocity vector inkto Interceptor wind axis
coordinates,

2. Determine the three compdnents of relative velocity.

3. Resolve the relative velocity components into the line-of-sight
coordinate system to obtain range rate and anguler rates of the line of
sight. .

i, Resolve the interceptor angular rates into the line-of-sight
coordinate system to obtain the orientation of the line of sight with
respect to the interceptor. These steps are outlined in detail 1n the
following paragrephs.

If p, q, and r are the angular velocities of the interceptor sbout
its body axes, then the angular velocities about the wind axes (X,Y,Z) are:

Wg = (g -&)sin B + (p cos @ + r sin a)cos B
Wy = (g - &)eos B - (p cos o + T 8in a)sin B (c1)

Wg =r cosa - P sina.+[§
If o and B are assumed to be amall, the angulsr velocities become

Wy =p +ra + (g - &)B

qQ-a& - pB (c2)

3
1]

WZ=I'+£§—PCL

The space orilentation of this wind axis system is defined by the
Euler angles Vg, 6p, and gp which may be determined from the following
relations: -

"
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Op = Wycos @p - Wysin op
&Fcos Op = Wysln @p + Wycos op (c3)
Pp = WX + wFsin QF

If 6y 1is restricted to small angies, these equations become
(neglecting (q - &)B)

ép = Wycos g - Wzsin oy
&F = Wysin @p + Wzcos op (ck)
Pp = P + Ta + WFGF

If the target velocity Vg 1s orlented in. space by the horizontal
and vertical angles ¥g and 6p, then the ccmponents_of ite velocity in
the interceptor wind axis system are given by = _

VBX =Db cos 6 + ¢C 8in Op -
VBY = a cos Py - (¢ cos 6p - b sin ef)sin op (c5)
VB, = «(c cos 6 - b sin Bp)cos Qp - a Bin @p

where

= Vgeos GBsin(yB - ¥p)

o
|

o'
|

= Vgeos fgcos(¥g - )

0
It

VBSin GB

It should be noted that there are no reglrictions on the flight
paths of either the target or the interceptor; however, in view of the
assumptions made in the interceptor equations of motion it 1s necesesary
to restrict the angle - 65 to small values. .

. :
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Since the interceptor velocity Vyp 1les along the X axis, the
relative velocities 1n this coordinate system are :

T
VZ = VBZ
J

The relative velocities are then resolved into the intercepior body sxis
system (x,y,z) by the following relations:

Vx = (Vxcos B - Vysin B)cos @ - Vgsin a
Vy = Vysin B + Vycos B (c7)
vy = (chos B - Vysin B)sin a + Vycos

Again using small-angle spproximations for o and B

V-y- =Vy + Vxﬁ (08)
VZ = VZ + VXCL

The next step is to transform the relative velocities into the line-
of-gight coordinate system (I,J,K) which has its I axis along the line
"of sight and its J eaxis in the xy plane aof the interceptor. The two
axes systems are oriented by the angles A and E. The following
resolutions are requlred for this transformation:

Vi = (Vxcos A + Vysin A)cos E - Vzsin E
Vg = Vycos A - Vysin A (C9)
Vg = (Vxcos A + Vysin A)sin E + Vycos E

By definition of the line-of-sight axis system, V1 =R,
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U = 5

To determine the orlentation engles A and E 1t is necessary to
know the angular rates of the interceptor expressed in the line-of-sight
coordinate system. These are

Wp = (p cos A + q 8in A)cos E - r sin E
Wy =qgcoe A -p sinA (c10)
Wg = (pcos A +q 8in A)sin E + r cos E

The relative rotation of the line of. sight with respect to the
interceptor mey then be deflned as - e — = S -

E =05 - Wy

A cos B

U - Wg

The quantities R and A serve as inputs to the elevation and azimuth
channels of the radar, respectively. As shown 1in figure 3, these signals
are compared to the antenna rates with respect to the interceptor
(Ea and Aa) and the difference is integrated to obtain the tracking
error angles normally sensed by the rader. In the azimuth chammel 1t is
necessary to multiply by co8 Eg 1In order to project the error angle
from the body to the antenna axis system,

The integrating rate gyros in the radar are nounted on the antenna
and thus sense the angular rates of the antenna in the antennsa coordinate
system (i,3,k) rather than in the line- of-sight system (I J K) These
rates are then definedese -~ . oo Lo DT ’ a

Lu'j E& + WJ

A cos Ea + Wk

Wi

N
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The angular velocitles W3 and Wi can be obtalned directly from op, g,
and r by equations (C10) in which E and A are replaced by Eg and Ag,
or more elmply, e€m and €4 may be consldered as the orientation of the
line of sight with respect to the antenna and, thus,

Wj = chos € - WIsin €p

Wi

Il

(Wrcos €4 + Wysin ¢, )sin eg + Wgcos eg
and since g and €, are very small angles
Wy ® Wy - Wrey

Wk

3]

In the present investlgation, however, the effects of these resolutions
were considered to be negligible and 1t was assumed that Wj = Wy and
Wy, =W

k K-
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Figure 1l.- Photograph of test airplene.
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